Surface diffusion I Silica I Cyclohexadienyl radical I Muon spin resonance The dynamic behaviour of the cyclohexadienyl radical on a silica surface has been investigated using the avoided level-crossing muon spin resonance technique. Translational motion of the radical on a curved surface leads to partial averaging of the muon-electron hyperfine anisotropy and thus to motional narrowing of the experimental signal. A theoretical model based on a stochastic Liouville formalism allows interpretation of the data in terms of radical diffusion. Arrhenius behaviour with an activation energy of (10.8 ±
Introduction
The motion of molecules both on and off the surface is of fundamental interest in heterogenous catalysis since it determines the turnover frequency and the balance between unimolecular and bimolecular reactions. Nuclear magnetic resonance is well suited to study the mobility of adsorbed diamagnetic molecules, and pioneering work concerned with the surface diffusion of benzene on silica gel was conducted in Leipzig [1] [2] [3] [4] and in Hannover [5] , It was shown that intramolecular and intermolecular dipolar protonproton interactions between adsórbate molecules, and furthermore the interaction with surface hydroxyl groups and with paramagnetic impurities in the adsorbent, are important for the relaxation of the protons. Relaxation times were found to lie in the range of 1 -1000 ms depending on surface coverage and on the degree of deuteration of adsórbate and surface [3, 4] . Further studies of the surface mobility of benzene were undertaken for an A1203 [6, 7] and a graphite [8] surface.
Free radicals ate potential transient intermediates of heterogeneously catalysed processes. Their surface dynamics is just as essential to the performance of a catalytic process as is the dynamics of diamagnetic reactants and products. Due to the open shell electronic character and the modified structure and energetics of the molecular orbitals, the interaction of the radical with the surface can be expected to differ considerably from that of the parent diamagnetic molecule from which it was derived. On the other hand, the radical and its parent should behave similarly if the surface interaction is dominated by van [10] . It carries information about the magnetic interaction of the muon with the electron and with nuclear spins. Details of the experimental technique have been given elsewhere [9, 11] . The extreme sensitivity allows the detection of radicals at concentrations down to a single species in the entire sample. It therefore permits the investigation of radicals adsorbed on surfaces under conditions where they show translational mobility. The dynamics is deduced from the partial averaging of the muon-electron hyperfine anisotropy. This was demonstrated for the Mu adduct to 2,3-dimethyl-l,3-butadiene, for which reorientational correlation times were obtained in the motional narrowing regime [12] .
Observation using the transverse field technique is limited by the requirements that radicals are formed within 10"9 s, in order to avoid loss of phase coherence of the muon spin, and by the restriction that there is no more than one muon present in the sample at any time. An alternative technique, avoided level-crossing muon spin resonance (ALC-//SR) in longitudinal magnetic fields, allows the detection of radicals even when they are formed over periods of the order of a microsecond, provided that the transition rate is high enough to produce a siginificant ALC signal during the muon lifetime [13] . It is a time-integral technique which can use the full muon flux of the accelerator since there is no constraint on the number of muons within the sample at any given time. Even under these conditions the concentration of radicals is extremely low, and bimolecular termination reactions are negligible. It was therefore possible using this technique to observe cyclohexadienyl and ethyl radicals adsorbed on silica [14] [15] [16] . [13] .
There are different ALC transitions classified according to the change in the total spin quantum number M of the participating Zeeman states [14] . (2) It is driven by the anisotropie coupling elements of the Hamiltonian [17] , and therefore vanishes when the system reorients on a time scale faster than the inverse hyperfine anisotropy. The resonance is thus absent under isotropie conditions but very prominent in solids [18] , and it is expected to be a sensitive indicator of small anisotropies.
A strong transition obeying the selection rule A M = 0 was detected for muonated cyclohexadienyl and methoxycyclohexadienyl radicals adsorbed on quartz powders [15] . It was observed that the resonance broadens with decreasing temperature, and this was ascribed to slower reorientation of the radical. A reorientational correlation time was estimated on the basis of a jump model. Since then, the theoretical model has been greatly improved. This work provides the first example where the analysis of experimental data is based on a stochastic Liouville formalism which was adapted by Kreitzman [19] to describe the dynamics at avoided level crossings. It treats the effects of translational diffusion on a spherical surface, electron spin exchange and chemical reaction, and it takes into account interaction between resonances.
The system under investigation is the muonated cyclohexadienyl radical, C6H6Mu, adsorbed on the surface of silica gel. It differs from the diamagnetic benzene molecule only by the presence of the Mu atom and should therefore have closely the same van der Waals interaction. Since the adsorbent is also a silica gel, as in the early work on benzene by the Leipzig group, this should allow a comparison between the surface mobility of a diamagnetic molecule and a close to related radical. In the latter, the dominant magnetic moment is that of the unpaired electron, which is a factor of Surface Dynamics of the Cyclohexadienyl Radical Using ALC^SR 33 650 stronger than that of the proton. This has the consequence that the nuclear relaxation rates increase by a large factor. All proton-proton dipolar interactions are now negligible, instead, the dipolar part of the electron nuclear hyperfine coupling is the relevant interaction that causes relaxation. Depending on the distance of the proton from the radical centre, the hyperfine anisotropy may amount to as much as 30 MHz [20] . The experimental time scale of dynamic processes which partly average out the dipolar interactions are thus typically a few tens of nanoseconds, which is the same order of magnitude as correlation times amenable to the study of diamagnetic molecules by means of NMR [3] .
For benzene adsorbed on silica gel it was proposed by Michel [3] that the adsorbed molecules undergo fast rotation about the sixfold axis down to temperatures of at least 130 K. This was necessary to explain the temperature dependence of the intramolecular part of the proton , relaxation data. It was supported further by 2H NMR results of benzene-<i6 adsorbed on graphite [8] and on alumina [6] , which demonstrated the dynamic behaviour and the axial symmetry down to low temperature. The cyclohexadienyl radical is also flat and rigid, and it is plausible that in a monolayer of benzene on silica its behaviour is the same as that of benzene. Its energy is lowest when it uses the maximum possible contact area. It is therefore assumed to lie flat on the surface and to rotate rapidly about the axis perpendicular to the molecular plane, leading to an anisotropie system of axial symmetry. Additional motion by translation around the grains or inside the pores leads to an averaging of the axial anisotropy and renders the system isotropie.
Experimental
A stainless steel sample cell with a window of 25 µ thickness was füled with 3 g of silica gel (Aldrich Chemical Company, Inc.) which had a particle size of 5 -25 µ , a BET surface area of 500 m2/g, a pore volume of 0.75 cm3/g, an average pore diameter of 6.0 nm, and ferromagnetic impurities of 10 ppm. It was heated at 383 for 24 hours under vacuum until a pressure of less than 10"5 mbar was reached. This treatment removes physisorbed water and leaves behind a fully hydroxylated surface.
Benzene was degassed with three freeze-pump-thaw cycles, then adsorbed onto the silica gel to give a nominal monolayer, assuming a molecular cross section of 0.40 nm2 [21] . The isosteric heat of adsorption of benzene on a hydroxylated silica surface amounts to ca. 43 kJ/mol [22] . The heat of vaporisation of liquid benzene at room temperature is only 34 kJ/mol. This makes sure that C6H6 condenses and spreads on the surface and that it does not form droplets or escape into the gas phase to a significant extent at room temperature.
The ALC experiments were performed using a surface muon beam at TRIUMF in Vancouver. The experimental setup and techniques have been described elsewhere [23] . The Figure 1 was subtracted in all subsequently displayed spectra. [25] , which is in agreement with previous observations [15] . B, depends on the difference Af-Ap Eqn. (1) and, since the two nuclei participating in the resonance are chemically equivalent, it is assumed that both coupling constants contribute proportionally to this shift and that an identical resonance position represents identical values of µ and Ap. On this basis, µ( ) was estimated from its value at 295
(taken from the liquid at the temperature with identical Br) and its temperature dependence on the Si02 surface, dA/dT = -0.075(6) MHz/K, and used as a non-variable parameter. µ is thus slightly higher on a silica surface than in the bulk liquid at the same temperature, as has been noted previously [15] . It is consistent with the above assumption, and in hindsight a justification for it, that the fitted values of Surface Dynamics of the Cyclohexadienyl Radical Using ALC-pSR 37 Ap of the méthylène proton (Table 1) are also larger for the adsorbed case compared with the liquid [25] , and that they exhibit a similar temperature dependence. The error in µ is estimated to be^0.5%, which can affect DTOt by as much as 5%.
£y± for the muonium-substituted cyclohexadienyl radical was estimated on the basis of the tensor measured for the corresponding Mu adduct to durene [26] . It was scaled by the ratio of the isotropie coupling constants of the two radicals, and then the dynamic average was taken for fast rotation about the axis perpendicular to the molecular plane, leading to Z>[ The theoretical prediction deviates from the experimental spectrum also in the region of the \A M\ = 1 resonance, and in Figure 2 b the discrepancy becomes most severe for the 255 spectrum. While a pronounced feature is predicted, only a weak signal is seen in the experimental data. At lower temperatures, the resonance is indeed present in the experiment but always broader than predicted. It is generally not possible to obtain a consistent fit over the entire field range. In the fit over the restricted range the mismatch is accommodated in the temperature dependence of the background (coefficients a and b in Table 1 ). Since the resonance is the most prominent one in solid benzene [18, 15] (3) The activation energy of (10.8 ± 0.9) kl/mol is similar to values for the difiusion of the benzene molecule on hydroxylated porous A1203 (11.5 kJ/ mol [7] ) and on silica gel HR (10.5 kl/mol [4] [1] . The early NMR work used up to 300 higher temperatures in heating out the silica gel before adsorption of the benzene [2] [3] [4] [5] . This point will be further addressed in forthcoming work [21] .
Small angle rotational diffusion on the surface of a sphere with radius R is equivalent to two-dimensional translational diffusion on the same surface which for small angles is approximately planar. The two diffusion equations can be interconverted using the substitution = r/R, where is the rotation angle and r the magnitude of the displacement vector on the surface. This leads to Dtrans = R2Drot [28] . It gives a prefactor of D£ai» = 1 X 10 8 m2/s for translational surface diffusion. Due to the irregular shape of the pores [29] , and since the molecule could in part also roll instead of just slide on the surface, this is considered to be only a rough estimate. It is expected to be affected by features of the transition state of diffusion, e. g. by radical-surface vibrational modes, and by the average jump distance of the adsórbate which depends on the interaction both with the surface and with neighbouring molecules [30] . At [31] . The Arrhenius prefactor will be further discussed in upcoming work [27] .
The number of sites within reach for the diffusing adsorbed species depends on its root-mean-square displacement on the surface. This is in general also temperature dependent and can cause a prefactor which increases with temperature. The curvature in the Arrhenius plot (Fig. 3 ) may have to be ascribed to this effect. A further possible origin is the neglect of the inhomogeneity of the surface: Different surface sites lead to a distribution of isotropie muon and proton couplings. This causes an inhomogeneous line broadening which is also averaged out as the species becomes more mobile. The effect would explain why under near-static conditions at low temperatures the theoretical line cannot account for the full experimental width.
It is evident from Table 1 that the signal amplitude also shows a clear trend with temperature. Under the conditions of our experiments 5 (7) is proportional to the radical yield. Interestingly, it shows a good Arrhenius behaviour, and its activation energy of 6.8 kl/mol is within error the same as that of the Mu addition reaction to benzene in the gas phase [32] . It is unlikely that this is a pure coincidence, rather it could be taken as evidence that the activated reaction of radical formation competes for Mu with another, unspecified reaction of first or pseudo-first order kinetics, so that the radical is simply not formed at low temperatures. In agreement with this interpretation is the fact that radicals formed on silica by Mu addition to dienes, which is much less activated [32] , are observed down to far lower temperatures.
Further measurements with benzene on non-porous spherical silica grains of narrow size distribution are being written up [27] . They include measurements of the coverage dependence, and exploit also platinum and palladium loaded material, i. e. real catalysts. The systems are more accurate representations of the present theoretical model and are thus expected to allow a more detailed interpretation.
